[1] Electron precipitation from the Earth's inner magnetosphere transmits solar variability to the Earth's upper atmosphere and may affect surface level climate. Here we conduct a superposed epoch analysis of energetic electrons observed by the NOAA POES spacecraft during 42 high-speed solar wind stream (HSS) driven geomagnetic storms to determine the temporal evolution and global distribution of the precipitating flux. The flux of trapped and precipitating E > 30 keV electrons increases immediately following storm onset and remains elevated during the passage of the HSS. In contrast, the trapped and precipitating relativistic electrons (E > 1 MeV) drop out following storm onset and subsequently increase during the recovery phase to levels which eventually exceed the prestorm levels. There is no evidence for enhanced precipitation of relativistic electrons during the MeV flux drop out, suggesting that flux drop outs during the main phase of HSS-driven storms are not due to precipitation to the atmosphere. On average, the flux of precipitating E > 30 keV electrons is enhanced by a factor of ∼10 during the passage of the high-speed stream at all geographic longitudes. In contrast, the precipitating relativistic electron count rate is observed to peak in the region poleward of the South Atlantic Anomaly. During the passage of the high-speed stream, the flux of precipitating E > 30 keV electrons peaks in the region from 2100 to 1200 magnetic local time at low L (4 < L < 7) and in the prenoon sector at high L (7 < L < 9), suggesting that chorus waves are responsible for the precipitation of E > 30 keV electrons in both regions. 
Introduction
[2] Precipitating energetic electrons produce odd nitrogen (NO x ) in the Earth's mesosphere and thermosphere. NO x is rapidly destroyed by sunlight, but, during polar winters, when there is little or no sunlight around, the precipitation can lead to the build up of substantial amounts of NO x at these altitudes. When combined with a strong polar vortex, which isolates the polar air from mid latitudes, downward vertical transport can lead to the appearance of significant amounts of NO x in the upper stratosphere [Callis et al., 1996; Siskind et al., 2000; Randall et al., 2005 Randall et al., , 2006 Clilverd et al., 2006 Clilverd et al., , 2007 . Here it can have a significant effect on the ozone content, since NO x destroys odd oxygen through catalytic reactions [Lary, 1997; Grenfell et al., 2006] . Indeed, a recent chemistry-climate model suggests that energetic particle precipitation can lead to annual ozone decreases of up to 30% in the polar stratosphere [Rozanov et al., 2005] , leading to a cooling of up to 2 K in the polar middle stratosphere, together with detectable changes in temperature at the surface of the Earth. Seppälä et al. [2009] recently discovered a link between geomagnetic activity and polar surface air temperatures, with differences of the order of ±4.5 K between magnetically quiet and active years depending on location. These results are consistent with the model results of Rozanov et al. [2005] , suggesting that energetic particle precipitation from the inner magnetosphere may affect surface level climate.
[3] Which range of electron energies is most important for atmospheric chemistry remains a question of debate. Higherenergy electrons penetrate down to lower altitudes but there are fewer of them. Highly relativistic electrons with energies greater than ∼3 MeV typically penetrate down to the upper stratosphere [e.g., Turunen et al., 2009] where they may produce NO x in situ. Lower-energy electrons cannot reach the upper stratosphere directly and so any NO x they produce needs downward transport to reach the upper stratosphere. Auroral electrons with energies in the range 100 eV < E < 30 keV only penetrate as far as the lower thermosphere and require significant downward transport. Higher-energy electrons, E > 30 keV, associated with substorm injections and the Van Allen radiation belts, deposit most of their energy in the mesosphere and, subsequently, require less downward transport. Recent ground-based observations of NO x show that direct production by 300 keV electrons occurs during storms (D. A. Newnham et al., Direct observations of nitric oxide produced by ∼300 keV energetic electron precipitation in the Antarctic middle atmosphere, submitted to Geophysical Research Letters, 2010) but, in general, observations suggest that both auroral and highenergy sources may be important, depending on geomagnetic conditions [Clilverd et al., 2007 .
[4] Particle precipitation increases during enhanced geomagnetic activity driven by the Sun. There are two principle solar drivers: coronal mass ejections (CMEs), which lead to episodic storms that peak during solar maximum [St. Cyr et al., 2000] , and coronal holes which produce recurrent high-speed solar wind streams (HSSs) that peak during the declining phase of the solar cycle [Burlaga and Lepping, 1977; Gonzalez et al., 1999] . The largest geomagnetic storms, as monitored by the Dst index, are driven by interplanetary coronal mass ejections. Such storms typically have a minimum Dst of less than −100 nT and are associated with recovery phases of the order of a couple of days. HSSdriven storms evoke a much smaller response in Dst, with an average minimum Dst of −40 nT [Richardson et al., 2006] . However, they have much more extensive recovery phases, typically lasting from 5-10 days, and, as a result, may deposit more energy in the magnetosphere than larger CMEdriven storms Turner et al., 2006] .
[5] Horne et al. [2009] recently conducted a survey of precipitating energetic electrons during the different phases of moderate and stronger geomagnetic storms, which are largely driven by interplanetary coronal mass ejections, using more than 9 years of low-altitude satellite data. On average, the flux of precipitating relativistic (E > 1 MeV) electrons was found to be roughly the same during the prestorm and main phase and subsequently increased during the recovery phase. This suggests that, during CME-driven storms, the observed main phase reduction in the trapped flux of relativistic electrons, commonly referred to as the "drop out", is not due to precipitation to the atmosphere. Instead, the flux of precipitating relativistic electrons peaks during the recovery phase, at the same time as the trapped flux is also generally increasing. In this study we examine storms that have their origin in coronal holes, the other major solar driver, to see whether relativistic electron flux dropouts associated with HSS-driven storms [Borovsky and Denton, 2009a; Morley et al., 2010a] could be caused by precipitation to the atmosphere.
[6] Rapid Alfvénic magnetic field fluctuations occur within high-speed streams [Tsurutani et al., 1995] leading to intermittent intervals of enhanced magnetospheric convection and repetitive substorm activity [Lyons et al., 2009] . Enhanced levels of convection and substorm activity inject subrelativistic particles into the Earth's inner magnetosphere leading to the generation of a rich variety of plasma waves, including electron cyclotron harmonic (ECH) waves [Scarf et al., 1973; Meredith et al., 2009] , whistler mode chorus Smith, 1974, 1977; Lauben et al., 1998; Meredith et al., 2001 Meredith et al., , 2009 Li et al., 2009] , plasmaspheric hiss Thorne et al., 1974 Thorne et al., , 1977 Meredith et al., 2004; Bortnik et al., 2008 Bortnik et al., , 2009 , magnetosonic waves , and electromagnetic ion cyclotron waves [Fraser et al., 2010] . These waves can violate the first and second adiabatic invariants leading to energy diffusion and pitch angle scattering [Horne and Thorne, 1998; Shprits, 2009] . For example, whistler mode chorus is largely responsible for the pitch angle scattering and loss of lowenergy plasma sheet electrons and as such is responsible for the production of both the diffuse aurora [Thorne et al., 2010] and the pulsating aurora [Nishimura et al., 2010] . At higher energies, whistler mode chorus, plasmaspheric hiss and electromagnetic ion cyclotron (EMIC) waves all contribute to pitch angle scattering and the subsequent loss of relativistic electrons [Millan and Thorne, 2007] . Whistler mode chorus and magnetosonic waves may also lead to significant energy diffusion which can give rise to local electron acceleration [Horne et al., 2005a [Horne et al., , 2005b [Horne et al., , 2007 .
[7] In view of the importance of energetic particle precipitation to atmospheric chemistry, here we conduct a superposed epoch analysis of 42 HSS-driven storms using electron data from four National Oceanic and Atmospheric Administration (NOAA) Polar Orbiting Environmental Satellites (POES) (section 2). We first examine the temporal evolution of the precipitation through the different phases of the storm to see when the precipitation is likely to be strongest and, in particular, whether relativistic electron precipitation is enhanced during the flux drop out (section 3). We then study the geographic extent of the precipitation to see where the precipitation occurs in relation to the polar vortex (section 4). We also map the precipitating particles to the magnetic equatorial plane, where the pitch angle scattering occurs, to comment on the likely causes of the precipitation (section 5). The results of our study are discussed in section 6 and the conclusions presented in section 7.
Instrumentation
[8] The particle data used in this study were collected by the Medium Energy Proton and Electron Detector (MEPED) on board the NOAA POES. These satellites orbit the Earth approximately 14 times each day in Sun-synchronous, lowaltitude, polar orbits. Here we use data from NOAA-15, NOAA-16, NOAA-17, and NOAA-18 (Table 1) .
[9] The MEPED instrument includes two electron solidstate detector telescopes that measure the flux of electrons in three energy bands in the range 30-2500 keV and two proton solid-state detector telescopes that measure the flux of protons in the energy range 30-6900 keV [Evans and Greer, 2004] . For each detector telescope pair, one, called the "0°" telescope, T0, is aligned such that the center of its field of view is rotated 9°from the direction outward along the local zenith. The other, called the "90°" telescope, T90, is mounted perpendicular to T0 such that the center axis of its field of view is rotated 9°from the direction antiparallel to the direction of the spacecraft velocity. Since the field of view of each telescope is 30°, the T0 telescope measures precipitating flux inside the bounce loss cone for L > 1.4 [Rodger et al., 2010a] . At 55°-68°invariant latitude, on field lines that map to the outer radiation belt, the T90 detector measures a mix of particles which may be in the bounce or drift loss cone or stably trapped [Rodger et al., 2010b] . For a given L shell in this region, when averaged over all geographic longitudes, the stably trapped particle fluxes will tend to dominate the average fluxes, and we henceforth refer to these average fluxes as the trapped fluxes. We use data from the 30 < E < 2500 keV, the 100 < E < 2500 keV, and the 300 < E < 2500 keV electron channels, which we henceforth refer to as the E > 30 keV, E > 100 keV and E > 300 keV channels, respectively. We also use data from the E > 6900 keV proton channel which responds to relativistic electrons with energies E > 1 MeV [e.g., Sandanger et al., 2009] . Data from each detector are accumulated for 1 s and, since the electronics are shared between the two detectors, data from each detector are collected at a 2 s time resolution.
Superposed Epoch Analysis
[10] To assess the general behavior of the trapped and precipitating energetic electrons during HSS-driven storms, we conducted a superposed epoch analysis of 42 HSS storms that occurred between 2003 and 2005. The storms were selected by examining the solar wind velocities and seeking intervals of east-west flow deflection followed by sustained elevated solar wind speed, and correspond to the subset of the 124 HSS storms used successfully in the studies of the magnetospheric response to HSSs , 2009a , 2009b Denton and Borovsky, 2008, 2009; Denton et al., , 2010 which occurred after the launch of NOAA-15 in 1998. The zero epoch for each storm was taken to be the time of storm convection onset. This "onset" time was initially detected by a strong increase in the Kp index [cf. Elphic et al., 1999; Thomsen, 2004] , and subsequently refined to a 30 minute resolution using changes in the Midnight Boundary Index [Madden and Gussenhoven, 1990] .
[11] The flux measurements from the electron detector telescopes were initially corrected for proton contamination by excluding solar proton events and correcting for ring current protons as described by Lam et al. [2010] . Since the electron flux falls rapidly with increasing energy we ensured that the E > 30 keV flux was greater than the E > 100 keV flux which was in turn greater than the E > 300 keV flux to exclude bit errors. The sensor response of the E > 6900 keV proton channel used to monitor relativistic electrons with energies E > 1 MeV is not well characterized, and, consequently, the data from this channel were left in counts per second. Solar proton events were again excluded and we confirmed that the E > 6900 keV channel was responding to relativistic electrons by ensuring that the counts in the E > 6900 keV proton channel were greater than those in the 2500 < E < 6900 keV proton channel. The POES electron data were then binned as a function of UT time and McIlwain L shell at a resolution of 1 h in time and 0.1 L by combining data from all available satellites. The McIlwain L value at the satellite location was calculated using the International Geomagnetic Reference Field model of the magnetic field for the midpoint of the appropriate year and the National Space Science Data Center INVAR program. The solar wind parameters and the geomagnetic indices were stored at the same temporal resolution. The binned data were subsequently analyzed to produce average fluxes or count rates depending on energy channel, and averaged geophysical parameters as a function of epoch time. Figure 1 shows the results of the superposed epoch analysis. Figures 1a-1k show the T90 and T0 measurements for electrons with energies E > 1 MeV, E > 300 keV, E > 100 keV, and E > 30 keV, the solar wind speed and the interplanetary magnetic field (IMF) north-south component (Bz) in GSM coordinates, the Dst index (color-coded), and the Kp index (color-coded) together with a trace of the AE index, respectively. Line plots of the T0 and T90 measurements for each of the four energy channels are plotted in a similar format in Figure 2 . Here line plots of the measurements at L = 4, L = 5, and L = 6, coded green, black, and red, respectively, are shown for each of the detectors and each of the energy ranges. The solar wind parameters and geophysical indices are plotted for reference in Figures 2i-2k in the same format as for Figure 1 .
[12] The 5 days before storm onset are characterized by low solar wind speeds (red trace, Figure 1i ). The speed decreases from 510 km s −1 5 days before storm onset to 370 km s −1 at an epoch time, t e , of −0.8 days. The solar wind speed then starts to increase, reaching 450 km s −1 at storm onset. The IMF Bz (black trace, Figure 1i ) fluctuates about zero from t e = −5 to −2 days but then becomes predominantly northward, before swinging abruptly southward at storm onset. The high-speed stream itself typically lasts for 5 days, with velocities exceeding 500 km s −1 from t e = +0.5 to t e = +5 days. The IMF is predominantly weakly southward for the entire 5 day interval of the high-speed stream. The geomagnetic activity indices (Figures 1j and 1k ) all record decreasing activity from t e = −5 to t e = −0.25 days. From t e = −0.25 days to storm onset the Dst index becomes weakly positive and the AE and Kp activity start increasing. Peak AE and Kp activity occurs close to storm onset whereas the Dst index becomes most disturbed at around t e = +0.5 days. Following peak activity the activity indices subsequently gradually decline with time, returning to prestorm levels about 5 days after storm onset.
[13] The fluxes of trapped electrons with energies E > 30 keV, E > 100 keV, and E > 300 keV, shown in Figures 1g, 1e, and 1c, respectively, generally decrease with time in the 5 days prior to storm onset. In contrast, the trapped relativistic electron count rate (Figure 1a ) remains roughly constant during this interval. In the first few hours following storm onset, the flux of trapped E > 30 keV electrons increases dramatically, with the effect first being seen at larger L (Figure 2g ). The fluxes of these electrons subsequently remain enhanced, albeit with some variability, during the high-speed solar wind stream. The flux of trapped E > 100 keV electrons also begins to rise in the first few hours following storm onset, but the rise is much more gradual, peaking roughly 2 days later and then gradually falling off with time (Figure 2e ). At higher energies there is a reduction in the flux of trapped E > 300 keV electrons, which is most prominent at high L (Figure 2c ). The minimum Figure 1 in the flux is seen approximately 0.5 days following storm onset and is coincident with the minimum in the Dst index. The flux of trapped E > 300 keV electrons subsequently increases, peaking 2-4 days later, depending on L, and then gradually falling off with time. The trapped relativistic electron count rate falls by a factor of ∼3 following storm onset (Figure 2a ). This reduction in count rate, referred to as the flux drop out, occurs across the entire outer radiation belt with the minimum count rate being seen roughly 0.5 days following storm onset. The trapped relativistic electron count rate subsequently begins to increase, peaking roughly 5 days following storm onset. The largest increases are observed in the heart of the outer radiation belt (4 < L < 5) where the pre/post storm ratio of trapped relativistic electrons is ∼1.5. However, further out, at L = 6.0, the pre and post storm levels are roughly similar.
[14] The fluxes of precipitating electrons with energies E > 30 keV, E > 100 keV, and E > 300 keV, shown in Figures 1h, 1f , and 1d, respectively, generally decrease with time in the 5 days prior to storm onset, and, in particular, reach very low levels inside L = 5.0 in the 1.5 day interval before storm onset. This 1.5 day period before the onset of the HSS has been identified as the "calm before the storm" [Borovsky and Steinberg, 2006] . The fluxes of precipitating energetic electrons with energies E > 30 keV, E > 100 keV, and E > 300 keV increase dramatically at storm onset. The increase in the precipitating flux is roughly 3, 2, and 1 order of magnitude at E > 30 keV (Figure 2h ), E > 100 keV (Figure 2f) , and E > 300 keV (Figure 2d ), respectively. The sensitivity to precipitating relativistic electrons is low and their count rate typically only rises above the noise level in the region 3 < L < 5 (Figure 1b) . Here the precipitating relativistic electron count rate stays roughly constant in the 5 days prior to storm onset (Figure 1b) . The precipitating relativistic electron count rate subsequently decreases and reaches a minimum about 0.5 days after storm onset. Crucially, there is no evidence for enhanced precipitation during the interval when the trapped count rate falls most rapidly, suggesting that the "drop out" in the count rate of the trapped particles is not due to losses to the atmosphere. The precipitating count rate subsequently begins to increase, peaking roughly 5 days following storm onset at levels slightly higher than the prestorm level (Figure 2b) .
[15] At L = 4 the superposed data stay above the noise level for the entire period enabling us to calculate the ratio of the precipitating to trapped count rate in the heart of the outer radiation belt. However, it is important to subtract the background noise before calculating this ratio since the T0 count rates are only just slightly above the noise level during the storm main phase. From the superposed epoch data at L = 8.5, where the relativistic electrons are below the level of detectability for both the T0 and T90 detector telescopes, the noise level for both detector telescopes is determined to be 1.2 counts per second. The ratio T0 b /T90 b , where the subscript b denotes that the background noise has been subtracted, at L = 4 is shown in blue in Figure 2b and stays roughly constant during the entire period.
[16] The statistical properties of a representative selection of the parameters used in the superposed epoch analysis are shown in Figure 3 . Figures 3a-3k show the T90 and T0 E > 1 MeV count rates at L = 4, the T90 and T0 E > 300 keV, E > 100 keV, and E > 30 keV electron fluxes at L = 5, the solar wind speed, the Dst index and the Kp index, respectively. The drop out in the count rate of the trapped relativistic electrons following storm onset (Figure 3a) and the concomitant decrease in the count rate of the precipitating relativistic electrons (Figure 3b) is seen in the traces of the mean, the upper and lower quartiles and in the envelope showing the range between the 10th to the 90th percentile, indicating that this is a robust result. During the passage of the high-speed stream, the mean and the upper quartile of the electron measurements show a broadly similar response, with the mean of the T0 and T90 measurements lying slightly above and slightly below the upper quartile, respectively.
Geographic Distribution of Electron Precipitation
[17] To determine the geographic distribution of the precipitation during and preceding HSS-driven storms we divided the storms into three intervals which we define as: the calm before the storm (−2 < t e < 0 days), the main phase/ early recovery phase (0 < t e < 2 days), and the extended recovery phase (2 < t e < 5 days). We subsequently binned the data as a function of geographic latitude and geographic longitude for these three time intervals in steps of 1°in latitude and 5°in longitude. It should be noted that these geographic maps show where the precipitation falls on average throughout the selected time intervals for each of the 42 HSS-driven storms and thus do not represent an instantaneous "snap shot" of auroral precipitation. The actual geographic extent of the precipitation at any given instant in time typically varies with local time and this is averaged out in the analysis.
[18] Figure 4 (top) shows the distribution of precipitating energetic E > 30 keV electrons in the northern hemisphere. From left to right the results are shown for the calm before the storm, the main phase/early recovery phase, and the extended recovery phase. The solid white line in each panel represents the typical latitude of the maximum zonal wind of the wintertime stratospheric polar vortex [Randel et al., 2004] . The E > 30 keV electron precipitation is confined to an oval, which ranges in latitudinal extent from 65°N to 80°N at a longitude of 90°E to 50°N-65°N at a longitude of 270°E. The corresponding results for the southern hemisphere are shown in Figure 4 (bottom) in the same format. Here, the precipitation is again confined to an oval which ranges in latitudinal extent from 70°S to 85°S at a longitude of 315°E to 45°S-60°S at a longitude of 135°E. During the calm before the storm low-precipitating fluxes, of the order 2 × 10 4 cm −2 s −1 sr −1
, are seen in the oval at all geographic longitudes, in both hemispheres. The precipitating fluxes dramatically increase following storm onset and are typi- Figure 1 . Superposed geomagnetic indices, solar wind parameters, and POES energetic electrons during the 42 HSSdriven storms. (a-k) The T90 and T0 measurements for the E > 1 MeV, E > 300 keV, E > 100 keV, and E > 30 keV electrons, the solar wind speed and IMF Bz (GSM), the Dst index (color-coded), and the Kp index (color-coded) together with a trace of the AE index, respectively. cally an order of magnitude higher at all geographic longitudes in the oval, in both hemispheres, during both the main phase/early recovery phase and the extended recovery phases. In the northern (southern) hemisphere roughly 80% (75%) of the total hemispheric precipitation falls within the wintertime stratospheric polar vortex.
[19] Figure 5 (top) shows the distribution of precipitating relativistic electrons in the northern hemisphere in the same format as Figure 4 . Weak precipitation, of the order 1 count per second, occurs in a narrow latitudinal band, 5°-10°wide, which extends, continuously, in longitude from 135°E, where the band extends from 65°N-70°N to 285°E, where the band extends from 55°to 65°. The corresponding results for the southern hemisphere are shown in Figure 5 (bottom). The strongest precipitating relativistic electron count rate is seen in a broad latitude band, roughly 10°wide, which extends, continuously, in longitude from 315°E to 30°E. Here the count rate typically exceed 5 counts per second, approximately 5 times larger than the largest precipitation in the northern hemisphere. Weaker precipitation, of the order of a few counts per second, are seen at longitudes extending to 180°E and 90°E, respectively. There is very little relativistic electron precipitation at longitudes between 90°E and 180°E. In contrast to the E > 30 keV precipitation, the smallest count rate is seen during the main/early recovery phase. The intensity and geographic distribution of the precipitating relativistic electrons in the southern hemisphere are fairly similar in the calm before the storm and during the extended recovery phase.
Distribution of Electron Precipitation as a Function of L and MLT
[20] Wave-particle interactions leading to the pitch angle scattering and subsequent loss to the atmosphere of energetic electrons typically take place in the geomagnetic equatorial plane. In order to determine the location of these interactions during and preceding high-speed solar wind streams we divided the storm into the three intervals as defined above, and subsequently rebinned the data as a function of L shell and magnetic local time (MLT) in steps of 0.1 L and 1 h in local time.
[21] Figure 6 (top) shows the precipitating E > 30 keV electrons as a function of L and MLT. This map was constructed using all the relevant data from both hemispheres since enhanced fluxes of precipitating E > 30 keV particles are seen in both hemispheres and at all geographic longitudes. From left to right the results are shown for the calm before the storm, the main phase/early recovery phase, and the extended recovery phase. Low fluxes of precipitating E > 30 keV elecrons are seen in the calm before the storm with the bulk of the albeit weak precipitation occurring in the prenoon sector over a range of L shells L > 5. The most intense precipitation is seen following storm onset with fluxes exceeding 3 × 10 5 cm −2 s −1 sr −1 from 21:00 MLT through dawn to 13:00 MLT. Near midnight the peak of the precipitation occurs in the range 4.5 < L < 7. The outermost extent of the precipitation increases with increasing MLT and typically extends out to L = 9 in the prenoon sector. There is very little precipitation near dusk at any L.
[22] At higher energies, it is not possible to extract the variation with L and MLT of the precipitating relativistic electron count rate because the count rates are too low and the statistics too poor to bring out any consistent variation with L and MLT. However, we can obtain information on the location of the strongest wave-particle interactions causing the precipitation by looking at the L, MLT distribution of the E > 1 MeV electrons freshly deposited into the drift loss cone. For field lines that map to the heart of the outer radiation belt, electrons freshly deposited into the drift loss cone are observed by the T90 detector at magnetic longitudes in the range shows the T90 E > 1 MeV electron count rates observed at these magnetic longitudes as a function of L and MLT in the same format as the top images. During the calm before the storm and the main/early recovery phase the strongest count rates are seen in the region 3.5 < L < 5 from 1000 to 1900 MLT. The largest count rates are seen during the extended recovery phase in the region 3.5 < L < 5 and cover a larger region of geospace from roughly 0500 MLT to 2100 MLT.
Discussion
[23] The main phase of HSS-driven storms is associated with a drop out in the flux of trapped relativistic electrons [Borovsky and Denton, 2009a; Morley et al., 2010a] , as evidenced in our study by the reduction in the trapped relativistic electron count rate across a wide range of L following storm onset (Figure 2a) . Determining the cause of this drop out is a major, outstanding question in radiation belt physics [e.g., . The drop out has traditionally been thought to be caused by a combination of adiabatic change associated with the decrease in Dst [Kim and Chan, 1997] , together with pitch angle scattering and subsequent loss to the atmosphere [Millan and Thorne, 2007] , outward drift and loss to the magnetopause [Li et al., 1997; Shprits et al., 2006] , and, more recently, nonlinear decreases in energy, referred to as advection (J. Albert, personal communication, 2010) . Our results show that the dropout of the trapped relativistic electrons during HSSdriven storms is not caused by pitch angle scattering and subsequent loss to the atmosphere since the precipitating relativistic electrons also drop out and, during the drop out, the ratio T0 b /T90 b in the heart of the outer radiation belt at L = 4 stays roughly constant.
[24] Increases in the flux of relativistic electrons in the Earth's outer radiation belt have long been known to be well correlated with high-speed solar wind streams [Paulikas and Blake, 1979; Baker et al., 1997; Blake et al., 1997; Li et al., 1997; O'Brien et al., 2001; Iles et al., 2002] , and, indeed, Figure 2 . Superposed geomagnetic indices, solar wind parameters, and POES energetic electrons during the 42 HSS-driven storms. (a-k) Line plots of the T90 and T0 measurements for E > 1 MeV, E > 300 keV, E > 100 keV, and E > 30 keV electrons, the solar wind speed and IMF Bz (GSM), the Dst index (color-coded), and the Kp index (color-coded) together with a trace of the AE index, respectively. The traces in the line plots show the associated measurements at L = 4, L = 5, and L = 6 and are colored black, green, and red, respectively. The blue trace in Figure 2b shows the ratio T0 b /T90 b , where the subscript b denotes that the background noise has been subtracted for each detector telescope, at L = 4 for E > 1 MeV electrons. the flux of relativistic electrons in the outer radiation belts peak during the declining phase of the solar cycle when HSS-driven storms are most prevalent [Li et al., 2001; Miyoshi et al., 2004] . While individual HSS-driven storms may result in increases in the flux of relativistic electrons by an order of magnitude or more [e.g., Baker et al., 1994 Baker et al., , 1997 Lam et al., 2009] , superposed epoch analyses tend to show that, on average, the flux of relativistic electrons at geosynchronous orbit is generally a factor of 2-3 times larger following the passage of a geoeffective high-speed solar wind stream [Borovsky and Denton, 2009a; Miyoshi and Kataoka, 2008] . Our study shows that, on average, the poststorm flux of trapped relativistic electrons at low altitudes on field lines that map to the heart of the outer radiation belt (4 < L < 5) is roughly 1.5 times the prestorm flux. Further out, at L = 6, we find little difference between the pre and post storm flux levels. Our results are broadly consistent with those of Morley et al. [2010a] who, from a superposed epoch analysis of 67 solar wind stream interfaces using global positioning system observations, found only a small net increase in the counts of 0.77-1.25 MeV electrons in the heart of the outer radiation belt and no increase at L* = 6.5. Given that individual HSS-driven storms may increase the flux of relativistic electrons by an order of magnitude or more, the question one might pose is why do superposed epoch analyses only reveal relatively small increases in the flux of trapped relativistic electrons? During periods of extreme calm, such as occurred in spring 2004 and during large parts of 2009, the trapped relativistic electron count rate measured by POES in the heart of the outer radiation belt fell to values of the order of a few counts per second. The elevated fluxes of trapped relativistic electrons typically seen following HSS-driven storms are thus roughly 2 orders of magnitude higher than the quiet time values. The reason why superposed epoch analyses of HSS-driven storms tend to report relatively small increases in the flux of trapped relativistic electrons is because, on average, the prestorm fluxes are already elevated relative to their quiet time levels. This is due to the persistence of the relativistic electron flux from previous HSS and/or CME driven storms. During the declining phase of the solar cycle, when there are often two HSS-driven storms per solar rotation [e.g., Baker et al., 1997] each repeating at the 27 day synodic rotation period of the Sun, the typical interval between storms is about 14 days and the flux of relativistic electrons doesn't have enough time to relax to quiet time levels. High levels of relativistic electron fluxes can then be maintained during the declining phase of the solar cycle, even though HSSdriven storms, on average, only increase the flux by up to a factor of 2-3.
[25] The edge of the winter stratospheric polar vortex, which is typically near 60°N(S) [Randel et al., 2004] , is denoted by the solid white line in Figures 4 and 5 . A significant fraction of the precipitation occurs inside the vortex.
High-speed solar wind streams thus provide an almost continual source of energetic particle precipitation and associated NO x inside the vortex in the mesosphere. This NO x can be transported into the polar stratosphere in the winter polar region where NO x has a long lifetime against photodissociation. NO x produced in this way acts as a persistent source of NO x for catalytic ozone destruction. Changes in ozone and the associated absorption of solar radiation in the stratosphere may result in temperature changes in the troposphere [Rozanov et al., 2005; Seppälä et al., 2009] .
[26] The precipitating relativistic electron count rate peaks in the region poleward of the South Atlantic Anomaly (SAA). However, since the T0 detector is looking well inside the bounce loss cone at all longitudes on field lines that map to the outer radiation belt [Rodger et al., 2010a] , this feature is not caused by precipitation from the drift loss cone. Using a dipole field to estimate the equatorial magnetic field strength, the equatorial pitch angles measured by the T0 detector at L = 4 in the southern hemisphere vary from 1.5°to 3°, and are roughly 3.5°inside the bounce loss cone from 180°E, through 0°E to 90°E. If the rate of pitch angle scattering were constant with pitch angle at small pitch angles, we might expect to see similar count rates of precipitating relativistic electrons in the southern hemisphere near L = 4 at these longitudes. But this is not observed. Near L = 4 both the bounce loss cone and the equatorial pitch angle observed by the T0 detector maximize in the region poleward of the SAA. The larger precipitating relativistic electron count rate observed in this region could be due to either an increase in the rate of pitch angle diffusion with equatorial pitchangle or larger fluxes of relativistic electrons at the edge of the bounce loss cone. The latter could be caused by an anisotropic distribution function or from particles in the drift loss cone. Alternatively, it could be due to the detector looking closer to the edge of the bounce loss cone, but this would require more careful field line mapping using an accurate magnetic field model to test. The determination of the absolute level of relativistic electron precipitation to the atmosphere using POES data will require both the calculation of a realistic geometric factor for the P > 6900 keV channel for relativistic electrons and a very careful assessment of the pitch angle dependence inside the loss cone.
[27] There remains the possibility that the electrons could be precipitated at pitch angles greater than that measured by the T0 detector but less than the drift loss cone. However, since the flux drop out can be very rapid, of the order of a few hours or so [Morley et al., 2010a] , pitch angle diffusion into the loss cone may be considerably enhanced and, according to theory [Kennel and Petschek, 1966] , precipitation should extend to smaller and smaller pitch angles. Selesnick [2006] and Tu et al. [2010] show that during the main phase of a storm the pitch angle diffusion rate is required to increase significantly to reproduce the quasi-trapped flux, i.e., the flux in the drift loss cone, which supports the Figure 3 . Statistical properties of the Kp and Dst indices, the solar wind velocity, and the POES energetic electrons used in the superposed epoch analysis. (a-k) The T90 and T0 count rates for the E > 1 MeV at L = 4, the T90 and T0 fluxes for the E > 300 keV, E > 100 keV, and E > 30 keV electrons at L = 5, the solar wind speed, the Dst index and the Kp index, respectively. In each panel the arithmetic mean and the upper and lower quartiles are coded green, red, and blue, respectively, and the range between the 10th to the 90th percentile is shaded gray. Kennel and Petschek theory. Thus we would expect to see an increase in the T0 count rate if the flux drop outs were due to precipitation to the atmosphere, and the idea that flux drop outs would leave no signature in the T0 detector seems unlikely.
[28] The timing of the observed maximum of trapped energetic electrons associated with HSS-driven storms is energy dependent. On average, the flux of E > 100 keV, E > 300 keV, and the count rate of E > 1 MeV trapped electrons peak 2, 2-4, and 5 days following storm onset, broadly consistent with previous estimates [e.g., Li et al., 1997; Rodger et al., 2010a] . The presence of these time delays is consistent with the gradual acceleration of a seed population of electrons to relativistic energies driven by enhanced whistler mode chorus waves [e.g., Horne et al., 2005a] , which are themselves associated with the periods of enhanced convection and repetitive substorm activity present during the passage of the high-speed solar wind stream.
[29] The global distribution as a function of L and MLT of the flux of precipitating E > 30 keV electrons during the passage of high-speed streams has a similar distribution to that observed during active conditions (AE > 300 nT) [Lam et al., 2010] . The global morphology of the E > 30 keV electron precipitation during HSS-driven storms is also similar to the medium energy electron precipitation patterns during medium and high activity levels [Codrescu et al., 1997] . The Lam et al. [2010] study showed that the global distribution of E > 30 keV electron precipitation is well correlated with the global distribution of lower band chorus waves observed by plasma wave experiment on the Combined Release and Radiation Effects Satellite(CRRES), suggesting that lower band chorus is very important for scattering E > 30 keV electrons from the Earth's inner magnetosphere into the atmosphere. However, this study was limited to L < ∼7 due to the orbital coverage of the CRRES spacecraft. Here we extend our POES analysis out to L = 9 and note that at higher L (7 < L < 9) enhanced precipitation is seen in the prenoon sector that is largely absent in the postnoon sector and on the night side. Interestingly, recent wave observations from the THEMIS spacecraft show that, in the region 7 < L < 9, chorus is also enhanced during disturbed conditions in the prenoon sector while being largely absent in the other sectors [Li et al., 2009] . This is strong circumstantial evidence to suggest that chorus waves are also responsible for the precipitation of E > 30 keV electrons at higher L.
[30] There are a number of wave modes that could be responsible for the loss of relativistic electrons. Chorus waves resonate with electrons over a wide range of energies from a few hundred eV up to several MeV [e.g., Horne et al., 2005a] and are a possible source of the MeV electron precipitation. Chorus waves are observed primarily outside the plasmapause on the dawnside [e.g., Meredith et al., 2001; Li et al., 2009] and are well correlated with the flux of precipitating E > 30 keV electrons [Lam et al., 2010] . Our study shows that during the high-speed solar wind streams the bulk of the E > 30 keV electron precipitation occurs at L > 5 on the dawnside, inconsistent with the distribution of the freshly injected drift loss cone relativistic electrons, which peak inside L = 5 on the dayside (Figure 6, bottom) . Plasmaspheric hiss and electromagnetic ion cyclotron waves also resonate with 1 MeV electrons, but the minimum resonant energies for scattering by EMIC waves are typically greater than 1 MeV inside L = 5 [Meredith et al., 2003] . Furthermore, there is no well developed ring current to generate EMIC waves during HSS-driven storms. The pitch angle diffusion responsible for the relativistic electron precipitation is strongest in the region 3.5 < L < 5 primarily on the dayside, extending from roughly 0500 MLT to 2100 MLT (Figure 6, bottom) . This is consistent with the rates of pitch angle diffusion of radiation belt electrons during steady decay which are usually stronger on the dayside [Selesnick et al., 2003] and the global distribution of plasmaspheric hiss which also tends to maximize on the dayside [Meredith et al., 2004] . Our observations suggest that plasmaspheric hiss, which causes losses on a timescale of 5-6 days at L = 4 during quiet conditions [Meredith et al., 2006] , is most likely to be responsible for the bulk of the observed precipitation of MeV electrons before and during high-speed solar wind streams.
Conclusions
[31] We have performed a superposed epoch analysis of 42 HSS-driven storms using data from the NOAA POES spacecraft. Our principle conclusions are as follows:
[32] 1. The flux of trapped and precipitating E > 30 keV electrons increases immediately following storm onset and remains elevated during the passage of the high-speed solar wind stream.
[33] 2. The count rate of trapped and precipitating relativistic electrons, E > 1 MeV, drops out following storm onset over a wide range in L, and subsequently increase during the recovery phase to levels which eventually slightly exceed the prestorm levels.
[34] 3. There is no evidence for enhanced precipitation of relativistic electrons, E > 1 MeV, during the drop out of trapped relativistic electrons, suggesting that flux drop outs during the main phase of HSS-driven storms are not due to precipitation to the atmosphere.
[35] 4. During the passage of the high-speed stream, the flux of precipitating E > 30 keV electrons peaks in the region from 2100 to 1200 MLT at low L (4 < L < 7) and in the prenoon sector at high L (7 < L < 9), suggesting that chorus waves are responsible for the precipitation of E > 30 keV electrons in both regions.
[36] 5. The precipitating relativistic electron count rate peaks in the region near the SAA where both the bounce loss cone and equatorial pitch angle observed by the T0 telescope maximize. This could be caused by either an increase in the rate of pitch angle diffusion with equatorial pitch angle or larger fluxes of relativistic electrons at the edge of the bounce loss cone over the SAA.
[37] HSS-driven storms lead to increases in precipitation of energetic and relativistic electrons, leading to an almost continual supply of these particles during the declining phase of the solar cycle when these storms are most prevalent. Changes to atmospheric chemistry and, potentially surface level climate ], caused by energetic particle precipitation are likely to be most evident during the declining phase of the solar cycle.
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